Lamellar graphite iron (LGI) is an important technical alloy used to produce cast components for the automotive and the marine industry. The performance of the component is defined by the solidification sequence. Therefore, a lot of research work has been done in the field of solidification. The present work introduces a new measurement approach that combines advanced dilatation measurements with thermal analysis to investigate the solidification of LGI. The method involves a thermally balanced spherical sample. The temperature values are measured in the geometrical center and on the surface of the sample. The released heat of solidification is calculated by using the Fourier Thermal Analysis (FTA) method. The displacement values are measured on the surface of the sample. The volume change is calculated from the displacement data. The dilatation results clearly shows the advantage of the multidirectional measurement.
Introduction
The production of a complex shaped LGI casting such as a cylinder head involves the possibility of a casting defect formation such as a shrinkage porosity or a metal expansion penetration. These type of casting defects are related to the volume change during the solidification. The thermal analysis is a basic tool in the investigation of the solidification. Therefore, it is implemented in almost every research application [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . As the sand mold plays an important role in the solidification as the first medium to be in contact with the melt, also several studies have been published on the effect of the mold on the solidification [19] [20] [21] [22] [23] together with investigations of the thermo-physical properties of sand mixtures [24] . A long-time known feature that represents the solidification well on macro level is the volume change. Volume change measurement has a longer history than thermal analysis determinations [25, 26] . Solidification has already been studied with this method, before the application of the ancestor of the modern thermo-electric pyrometer [27] [28] [29] . All of the volume change methods that can be used for in-situ measurement follow the same principle. Therefore, they may generally be identified as dilatation analysis measurement methods. Here, the movement of the specimen's surface registered and the volume change calculated based on this displacement. This approach usually implements a displacement sensor aligned on the geometrical axis or on the mid-plane of a specimen. Therefore, it is often referenced to as the linear dilatation measurement method. The measurement of the surface movement is usually indirect, where an intermediary medium connects the surface with a displacement sensor. This medium is made of a material with a low linear expansion like sapphire or polycrystalline alumina, to avoid disturbances of the measured results. The linear dilatation measurements are combined with thermal analysis determinations in every experimental setup that is publicly available. Besides certain differences in the design (eg. various layout of the displacement sensors), they follow the same dilatation principle as mentioned above. An extensive literature review and the study of the advantages and drawbacks of the combined thermal and dilatation analysis measurement methods known today leads to the investigation of the limitations of these systems [30] . With a summary of these limitations, different aspects formed as important features that can be improved.
Classification of the Known Experimental Layouts
First, the linear dilatation measurements can be classified into two groups based on the applied thermal analysis routine. Most of the experimental setups uses the Newtonian thermal analysis (NTA) method, where the calculations are based on one temperature measurement point. The more advanced setups use the Fourier thermal analysis (FTA) method. It uses at least two cooling curves as the inputs to the calculation [18, 24] . Consequently, the temperatures are usually registered in the center and near to the surface of the specimen. Several authors have published results that suggests that the FTA method is more reliable than the NTA method, since it is based on a larger number of measured thermal points [14, [31] [32] [33] .
Second, the linear dilatation measurements can be classified by the number of axes and direction of the displacement recording as it is represented in Figure 1 . 
Geometry aspects
The main component in most of the known measurement methods is the specimen holder, which geometric design may vary with the application. The material of the sample holder is usually sand and the investigated alloy is usually cast into a mold. The shape of the sample is a demanding property as it is in strict correlation with the thermal field. Therefore, the design must be symmetric and thermally balanced during the whole solidification period. The shape of the sample or the sample holder must also ensure that the possibility of the right application of the measurement devices.
Thermal aspects
As the solidification proceeds by the heat taken away from the melt, the thermal field of the sample has a huge impact on the solidification. An unbalanced geometry leads to an uneven thermal distribution and this creates a disturbed spot in the thermal field. This spot may move during the solidification [37] . As the thermocouple in the center point is placed in a fixed position, the moving thermal spot will distort the observed temperature values. The thermal field is also heavily correlated to the material of the sample holder, since this is the medium that transports away the heat. As it was mentioned above, in the case of all research units this material is the sand. Several factors influencing the thermal properties of the mold, such as the gas formation of the binder system and the granular nature of the ordinary sand mold.
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Dilatation aspects
A previous research work on a cylindrical sample shape has shown, that the solidification has an anisotropic nature on a thermally unbalanced specimen [30] . This attribute must be minimized or eliminated by the design of the sample holder. A comparison on the volume change values showed, that the result calculated only with the axial direction ∆V A data is different than calculated with the axial and the radial direction ∆ VA+R data, as shown in Figure 2 . The difference comes from the anisotropy of the solidification, which is a result of the specimen geometry. The radial displacement is a result of the interaction between the internal equiaxed grains, the cylindrical mantle of the columnar zone, and the molding material. The axial displacement is more complicated because in addition to the molding material and the equiaxed grains the axial deformation of the columnar mantle is influenced by the columnar zone forming a disk-shaped zone at both ends of the cylinder. The equiaxed grains are expected to have a random orientation which should have an equally distributed influence on the total radial and axial displacement. Consequently, the measurement layout must consider the right number of measuring directions and devices. Moreover, it must consider the right application of the push rods. It was reported by almost all the authors, that implementation of push rods into the sampler holder (sand mold) wall may provide misleading results at the beginning of the solidification. This is due to the metallostatic pressure and the thermal load of the sand wall.
Experimental Layout
The summary of the aspects and features above lead to the concept of a spherical design of the specimen. The sampler components and the arrangement of the measuring sensors are presented in Figure 3 . 1 -Spherical liquid collector made of steel with a wall thickness of 0.5 mm. 2 -Lid made of the same material and the same wall thickness as the spherical liquid collector. The diameter of the lid is 18 mm and it is welded to a steel tube. 3 -Steel tube made of the same material as the spherical liquid collector, which is closed at one end. The outer diameter of the tube is 4 mm and the wall thickness is 1 mm. 4 -Mineral Insulated N-type thermocouple. The diameter of the thermocouple wire is 1.5mm. 5 -Push rod made of engineering grade full-fired 99.8% polycrystalline alumina. Three push rods transmit the displacement of the surface to the linear variable differential transformer (LVDT). The LVDT has a measuring range of +-3mm, a sensitivity of 85.20 mV/V mm, and a linearity of +-0.05% for a full scale output. 6 -Infrared (IR) thermometer (3x). The IR unit is equipped with a two-color spectral sensor and has a measuring range of 500-1400°C.
In Figure 3 the sampler is closed by the gravity as the open sphere lays on the lid. The sample holder is used as an immersion sample collector. The sampling starts with the immersion of the sampler into the melt. At that point, the melt can enter the cavity through the top opening. As soon as the hollow body is filled, it can be removed from the melt. By the raise of the sampler, the lid will lock the sample as a closed volume. Temperature measurements as well as displacement units can be applied on the surface as soon as the sampler is out from the melt. The geometric mid-plane of the sphere equals to the inner surface of the tube where the central thermocouple is placed. As the lid has the same curvature of the sphere, the thermocouple will always be in the thermal center no matter how the sphere turns. Also, the thermocouple can be released after the completion of the measurements. The spherical sampler design also makes possible to apply thermocouples and push rods on the surface without embedment.
The melt was poured from a 2kg capacity pre-heated hand cup. The temperature of the melt was 1420 °C. A spherical sample was submerged into a melt in a hand-held cup for 2.5 seconds. Thereafter, the measurement was started as the push rods touched the surface of the sampler. The signals from the thermocouple, the IRs and the LVDTs were collected by a unique controller system with sampling rate of ten records per seconds. The experiment involves one alloy, which chemical composition is given in Table 1 Figure 4 shows the cross section of the sampler which was split by a disc cutter. 
Results and Discussion
The displacement values collected in the solidification experiment are presented in Figure 5 . It is important to highlight the importance of the multiaxial and multidirectional displacement measurements. The data from the individual LVDTs shows altering behavior of the surface of the sample. These displacement curves looks like a data with heavy noise and contradictory movements. However, due to the thermally balanced specimen, the movements are counteracting each other. Therefore, the average of the data from the displacement sensors shows a smooth displacement curve without any additional signal conditioning. The temperature values collected in the experiments are presented in Figure 6 . The temperature values from the IR sensors shows an even heat distribution on the surface of the sample. In Figure 6 , IR AVRG is the average temperature value calculated from three IR sensors. The IR 1 , IR 2 , and IR 3 curves represent the temperature difference of the individual IR temperature measurement spots from the average value. In Figure 7 [38] , ρ according to [39] . The parameter T 1 denotes the cooling curve registered from the geometrical centrum of the spherical sample, T 2 denotes the average of the temperatures measured on the surface of the sample. The contraction from the beginning of the solidification to f s =0.32 occurs as the columnar zone (casting skin) is formed on the internal surface of the casting sampler as it solidifies. At f s =0.32 the T 2 value indicates a temperature minimum. This value is known as the beginning of the eutectic phase transformation in the columnar zone. In the intradendritic area of the columnar zone the graphite precipitates and cause the expansion of the whole sample. The consequent volume increase continues until the internal domain (the equiaxed zone) reaches a temperature minimum on the central cooling curve T 1 at f s =0.52. This value represents the beginning of eutectic precipitation in this domain. From this moment, the total volume of the sample will decrease towards to the end of the solidification.
Conclusions
A novel measurement method was introduced for volume change measurements during solidification of LGI. The new setup considers the anisotropic property of the solidification and it eliminates the effect of the mold material on the solidification. The importance of the multiaxis measurement was highlighted, together with the symmetrical distribution of the displacement sensors. It was shown, that the spherical geometry is thermally balanced. Therefore, the specimen excludes the error from the measurement that a migrating hotspot can create.
